Abstract.-Taxon and character sampling are central to phylogenetic experimental design; yet, we lack general rules. Goldman introduced a method to construct efficient sampling designs in phylogenetics, based on the calculation of expected Fisher information given a probabilistic model of sequence evolution. The considerable potential of this approach remains largely unexplored. In an earlier study, we applied Goldman's method to a problem in the phylogenetics of caecilian amphibians and made an a priori evaluation and testable predictions of which taxon additions would increase information about a particular weakly supported branch of the caecilian phylogeny by the greatest amount. We have now gathered mitogenomic and rag1 sequences (some newly determined for this study) from additional caecilian species and studied how information (both expected and observed) and bootstrap support vary as each new taxon is individually added to our previous data set. This provides the first empirical test of specific predictions made using Goldman's method for phylogenetic experimental design. Our results empirically validate the top 3 (more intuitive) taxon addition predictions made in our previous study, but only information results validate unambiguously the 4th (less intuitive) prediction. This highlights a complex relationship between information and support, reflecting that each measures different things: Information is related to the ability to estimate branch length accurately and support to the ability to estimate the tree topology accurately. Thus, an increase in information may be correlated with but does not necessitate an increase in support. Our results also provide the first empirical validation of the widely held intuition that additional taxa that join the tree proximal to poorly supported internal branches are more informative and enhance support more than additional taxa that join the tree more distally. Our work supports the view that adding more data for a single (well chosen) taxon may increase phylogenetic resolution and support in weakly supported parts of the tree without adding more characters/genes. Altogether our results corroborate that, although still underexplored, Goldman's method offers a powerful tool for experimental design in molecular phylogenetic studies. However, there are still several drawbacks to overcome, and further assessment of the method is needed in order to make it better understood, more accessible, and able to assess the addition of multiple taxa. [Bootstrap support; branch lengths; caecilians; experimental design; Gymnophiona; mitochondrial genome; phylogenetic information; rag1; taxon sampling.]
Abstract.-Taxon and character sampling are central to phylogenetic experimental design; yet, we lack general rules. Goldman introduced a method to construct efficient sampling designs in phylogenetics, based on the calculation of expected Fisher information given a probabilistic model of sequence evolution. The considerable potential of this approach remains largely unexplored. In an earlier study, we applied Goldman's method to a problem in the phylogenetics of caecilian amphibians and made an a priori evaluation and testable predictions of which taxon additions would increase information about a particular weakly supported branch of the caecilian phylogeny by the greatest amount. We have now gathered mitogenomic and rag1 sequences (some newly determined for this study) from additional caecilian species and studied how information (both expected and observed) and bootstrap support vary as each new taxon is individually added to our previous data set. This provides the first empirical test of specific predictions made using Goldman's method for phylogenetic experimental design. Our results empirically validate the top 3 (more intuitive) taxon addition predictions made in our previous study, but only information results validate unambiguously the 4th (less intuitive) prediction. This highlights a complex relationship between information and support, reflecting that each measures different things: Information is related to the ability to estimate branch length accurately and support to the ability to estimate the tree topology accurately. Thus, an increase in information may be correlated with but does not necessitate an increase in support. Our results also provide the first empirical validation of the widely held intuition that additional taxa that join the tree proximal to poorly supported internal branches are more informative and enhance support more than additional taxa that join the tree more distally. Our work supports the view that adding more data for a single (well chosen) taxon may increase phylogenetic resolution and support in weakly supported parts of the tree without adding more characters/genes. Altogether our results corroborate that, although still underexplored, Goldman's method offers a powerful tool for experimental design in molecular phylogenetic studies. However, there are still several drawbacks to overcome, and further assessment of the method is needed in order to make it better understood, more accessible, and able to assess the addition of multiple taxa. [Bootstrap support; branch lengths; caecilians; experimental design; Gymnophiona; mitochondrial genome; phylogenetic information; rag1; taxon sampling.] Basic experimental design in molecular phylogenetics encompasses primarily the choice of markers (genes, genomic regions, and characters) (Lopez-Giraldez and Townsend 2011) . Many studies acknowledge that taxon and character sampling are fundamental (e.g., Graybeal 1998; Pollock et al. 2002; Hillis et al. 2003; Cummings and Meyer 2005; Rokas and Carroll 2005; San Mauro and Agorreta 2010) and that data set completeness is desirable (Cummings and Meyer 2005) . However, phylogenetics lacks general rules or agreed strategies for improving the accuracy of, and confidence in, inferred phylogenetic hypotheses through judicious and efficient experimental design. Goldman (Goldman 1998; Massingham and Goldman 2000) proposed a general method for constructing efficient experimental (sampling) designs in phylogenetics based on the calculation of expected Fisher information from a tree assuming a probabilistic model of sequence evolution. Despite its considerable potential for molecular phylogenetics, Goldman's method has rarely been applied to real phylogenetic problems (Goldman 1998; Geuten et al. 2007; San Mauro et al. 2009 ). Henceforth, we refer to Fisher information simply as "information."
In an earlier study (San Mauro et al. 2009 ), we applied Goldman's method to the phylogeny of caecilian amphibians (Gymnophiona). We showed that the branch resolving the phylogenetic relationships among Scolecomorphidae, Herpelidae, and all other teresomatans (here dubbed the "controversial branch") received low bootstrap support (54%) from the available mitochondrial (mt) genome and rag1 data, implying ambiguity about the exact order of branching. Using Goldman's approach, we identified the places to which a single taxon could be added to the caecilian tree in order to maximize the expected information for the controversial branch. A strong correlation was found between the decrease in expected information and the distance between the controversial branch and where each hypothetical new taxon was added. Combining these results with background knowledge of caecilian diversity and phylogeny allowed us to make predictions as to the best candidate extant caecilian taxa to be targeted in future studies. These included intuitive predictions of taxa arising from deep splits within Scolecomorphidae and/or Herpelidae proximal to the controversial branch and a less intuitive prediction of a less proximal taxon Advance Access publication on February 10, 2012 Syst. Biol. 61(4):661-674, 2012 VOL. 61 arising from a deep split within Rhinatrematidae (San Mauro et al. 2009 ). These former (intuitive) predictions were hypothesized to include unsampled species of Boulengerula and Scolecomorphus as well as species of their respective sister taxa, Herpele and Crotaphatrema, and the latter included species of the rhinatrematid Epicrionops.
Here, we test these predictions through phylogenetic analyses incorporating new data from additional caecilian species, determining how information changes as new taxa are added to the original data, and how these additions affect nonparametric bootstrap support for the controversial branch and for the whole tree. This study thus serves as an empirical test of predictions made in San Mauro et al. (2009) , provides the first empirical test of any predictions derived from the application of Goldman's method, and helps improve understanding of the relationship between information and support.
MATERIALS AND METHODS
Taxon Sampling and DNA Sequencing Our previous study (San Mauro et al. 2009 ) included 9 species of caecilian amphibians, representing all 6 families recognized at that time and 8 of the 9 currently recognized families . For this study, we expanded the original taxon sampling with mt genome and rag1 sequence data for 14 additional species of caecilian amphibians (Table 1) . The new taxon sampling includes representatives of all 9 currently recognized families . We added one complete caecilian mt genome sequence reported by Zhang et al. (2005) plus the 4 partial and 7 complete caecilian mt genome sequences reported by Zhang and Wake (2009) . San Mauro et al. (2009) indicated that caecilians with the greatest chance of increasing information for the controversial branch were those that would join the branch subtended by Scolecomorphus vittatus followed by those subtended by Boulengerula taitanus and then Rhinatrema bivittatum. The study of Zhang and Wake (2009) included 2 such species (B. boulengeri and Epicrionops niger). Additionally, the complete mt genomes of Crotaphatrema lamottei and Herpele squalostoma were newly determined for this study, the former from specimens recently collected in dedicated fieldwork . Based on background taxonomic knowledge and previous phylogenetic work (e.g., Taylor 1968; Nussbaum 1985; Nussbaum and Wilkinson 1989; Wilkinson et al. 2003 Wilkinson et al. , 2011 Wilkinson and Nussbaum 2006) , these latter 2 species were predicted to join the Scolecomorphus and Boulengerula branches, respectively (San Mauro et al. 2009) , and these expectations have received additional support from recent molecular studies (Frost et al. 2006; Roelants et al. 2007; Doherty-Bone et al. 2011; Gower et al. 2011; Loader et al. 2011; Pyron and Wiens 2011) . For each of the 14 species with new (not included in our 2009 analyses) mt genome data available, we determined a 1509 bp long fragment of nuclear rag1 (Table 1) .
In all cases, total DNA was purified from ethanolpreserved liver using the QIAamp DNA Mini Kit (QIAGEN) following manufacturer's instructions. Nucleotide sequences of the mt genomes of C. lamottei and H. squalostoma and of nuclear rag1 genes were determined using the primers and polymerase chain reaction (PCR) cycling conditions reported by San Mauro et al. (2004 Mauro et al. ( , 2005 . In all cases, PCR products were purified with Millipore purification plates and cycle sequenced in an automated DNA sequencer (ABI 3730xl DNA Analyzer) using the BigDye Terminator v1.1 Cycle sequencing kit (Applied Biosystems) and the corresponding PCR primers. The obtained sequences averaged 700 bp in length, and each sequence overlapped with the next contig by about 150 bp. No sequence differences within the overlapping regions were observed. GenBank accession numbers of newly determined DNA sequences and voucher specimens are given in Table 1 . Distinct structural features of the mt genome of C. lamottei are presented in the Supplementary Material (available at http://dx.doi.org, doi:10.5061/dryad.83p1130j). The mt genome of H. squalostoma conforms to the vertebrate consensus mt gene arrangement (Lupi et al. 2010 ) and possesses no distinct structural features.
Sequence Alignments, Phylogeny Reconstruction, and Support
Alignments were prepared separately for each mt gene and nuclear rag1. Nucleotide sequences of mt ribosomal genes were aligned using MAFFT version 6.850 (Katoh et al. 2002; Katoh and Toh 2008) considering secondary structure of RNA and revised by eye to correct obvious misalignments. Sequences of each mt tRNA gene were aligned manually based on inferred cloverleaf secondary structures and concatenated to form a single partition. Some mt tRNA genes were either absent or not available for a few taxa and these were coded as missing data. Mitochondrial proteincoding genes were aligned with TranslatorX (Abascal et al. 2010 ) using MAFFT to compute the protein alignments. In all cases, gaps and alignment ambiguities were excluded from partitions using GBlocks version 0.91b (Castresana 2000) with default parameter settings. This is automated in TranslatorX, so that nucleotide alignments are produced after removal of ambiguously aligned amino acid positions. As in San Mauro et al. (2009) , third codon positions of mt protein-coding genes were excluded from the alignments because transitions were judged to be saturated when plots of pairwise uncorrected (transition and transversion) differences versus corrected sequence divergence (measured as maximum-likelihood [ML] distance) were considered (not shown). Nucleotide sequences of nuclear rag1 were aligned manually against the data of San Mauro et al. (2009) , and no positions were excluded. These singlegene alignments were combined into a single master alignment that has been deposited in TreeBASE under accession number S11625. The main caecilian phylogeny (including all 23 caecilian species) was estimated from the master alignment. As in San Mauro et al. (2009) , rooted trees assume the Rhinatrematidae to be the sister group of all other caecilians based on extensive molecular (Hedges et al. 1993; San Mauro et al. 2004 Frost et al. 2006; Roelants et al. 2007; Zhang and Wake 2009; Pyron and Wiens 2011) and morphological (Nussbaum 1977 (Nussbaum , 1979 Wilkinson 1992 Wilkinson , 1996 Wilkinson , 1997 Wilkinson and Nussbaum 1996) evidence. Phylogeny was estimated using ML (Felsenstein 1981) and Bayesian inference (BI; . ML analysis was performed with RAxML version 7.2.6 (Stamatakis 2006) using the rapid hill climbing algorithm (Stamatakis et al. 2007 ) and computing 100 distinct ML trees starting from 100 distinct randomized (random stepwise addition of taxa) maximum-parsimony starting trees. BI was performed with MrBayes version 3.1.2 Ronquist and Huelsenbeck 2003) running 4 simultaneous Markov chains for 20 million generations, sampling every 2000 generations and discarding the first 1 million samples in order to reduce dependence on the initial starting point ("burn-in period"). Adequate convergence of the BI runs was judged by plots of ln L scores and low standard deviation of split frequencies (as implemented in MrBayes), as well as using the convergence diagnostics implemented in the online tool AWTY (Nylander et al. 2008) . Two independent BI runs were performed as an additional check that the chains had mixed well and thus had converged.
Best-fit models of nucleotide substitution were identified using the Akaike information criterion (AIC; Akaike 1973) as implemented in jModeltest version 0.1.1 (Posada 2008) . The seven-partition strategy (first codon positions of mt protein-coding genes, second codon positions of mt protein-coding genes, mt ribosomal genes, mt tRNA genes, first codon positions of nuclear rag1, second codon positions of nuclear rag1, and third-codon positions of nuclear rag1) employed in San Mauro et al. (2009) was used in both BI and ML frameworks. For BI, the best-fit models employed for each of the 7 partitions were GTR (Tavaré 1986 ) + Γ (Yang 1994) + I (Reeves 1992 ) (first codon positions of mt protein-coding genes), GTR + Γ + I (second codon positions of mt proteincoding genes), GTR + Γ + I (mt ribosomal genes), VOL. 61 GTR + Γ (mt tRNA genes), GTR + Γ + I (first codon positions of nuclear rag1), HKY (Hasegawa et al. 1985) + Γ + I (second codon positions of nuclear rag1), and GTR + Γ (third codon positions of nuclear rag1). In the case of RAxML, which allows only one type of substitution model to be specified, the GTR + Γ + I model was employed for each of the 7 partitions because this is the best-fit model of most partitions (4 of 7).
Support for internal branches was evaluated by nonparametric bootstrapping with 2000 replicates (RAxML, using the exhaustive bootstrap algorithm) and posterior probabilities (MrBayes) in the ML and BI analyses, respectively. Additionally, we used the approximately unbiased test (AU; Shimodaira 2002) to evaluate the 5 alternative topologies assessed by San Mauro et al. (2009) (allowing for our denser taxon sampling). AU tests used the site-wise log-likelihoods calculated by RAxML, independent GTR + Γ + I models assigned to each of the 7 partitions and were performed with CON-SEL version 0.1k (Shimodaira and Hasegawa 2001 ) with 1 million multiscale bootstrap replicates.
Calculation of Expected and Observed Information
Experimental data sets were prepared by pruning taxa from the master alignment. The "original" data set included only the 9 taxa used previously (San Mauro et al. 2009 ). Fourteen additional data sets each combined the original data set with one additional species of the 14 added in this study, and 4 data sets combined the original data set with multiples of some of the additional 14 species. Table 2 gives the names and taxon composition of each data set. Because all data sets were derived from the same master alignment, they contained the same mitogenomic and rag1 sequence positions. Each data set was analyzed both with and without partitioning. In all cases, the GTR + Γ + I model was used.
In our previous study, expected information about the controversial branch was calculated for the addition of a hypothetical taxon at various positions in the tree using only unpartitioned data (San Mauro et al. 2009 ). Our tests of the predictions derived from that analysis are based on our new master alignment, and some use a more realistic partitioning of these data and involve both the calculation of observed information and the recalculation of expected information. The observed information is an a posteriori measure of the achieved precision and was calculated after estimating the branch lengths and model parameters for the original data plus the new taxon. In contrast, the expected information is an a priori quantity, the precision that we would expect to achieve, and, ideally, we should not have used any of the new sequences to derive the model parameters. Minimally, we only need the length of the new branch and the position where it attaches to the original (San Mauro et al. 2009 ) tree, but it was unfeasible to estimate these while fixing all other parameters using only currently available software and so we used an alternate approach. Given the complete topological congruence between the original phylogeny of San Mauro et al. (2009) and the main (23 taxa) phylogeny of this study (see Results section), our branch length optimizations used input topologies based on the main phylogeny pruned to contain only the corresponding species of each data set. Information was then calculated in 5 steps to ensure that information scores are comparable (Fig. 1) , in that the new taxa are included while keeping the model parameters and tree as nearly identical as possible to those from the original data set:
1. Branch lengths and model parameters of the original data set are optimized. 2. Branch lengths and model parameters of the data set with the new taxon are optimized. 3. The new taxon is added to the tree from Step 1, with the new branch lengths being in proportion to those from Step 2 (the proportion along the branch where the new taxon joins [distance to their most recent common ancestor with their sister taxon] and the relative branch length compared with its sister taxon are both transferred onto the original tree). 4. The expected information is calculated using the model parameters from
Step 1 and the tree from
Step 3. 5. The observed information is calculated using the tree and model parameters from Step 2.
Expected information (Goldman 1998) for each data set was estimated using EDIBLE (Massingham and Goldman 2000) as employed in San Mauro et al. (2009) . As for the observed information, expected information for partitioned data sets involved calculating information for each partition independently, and scaling the information scores by multiplying by the square of the rate, and then by the partition length. The employed version of EDIBLE implementing the GTR model of substitution and site-wise rate variation, as well as the work from Geuten et al. (2007) is available at http://www.ebi.ac.uk/goldman-srv/edible/. PAML (Baseml) version 4.4 (Yang 2007 ) was modified to allow the GTR + Γ + I model of nucleotide substitution and to calculate the observed information by numerical approximation of the second derivative of the likelihood function using the (central) finite difference method. Observed information is a measure over every site, whereas expected information scores are often reported on a per-site basis (as in EDIBLE), and so need to be scaled by the number of sites to provide a total for an entire alignment that can be compared with the observed information or bootstrap support values. The addition of new taxa made the number of sites in the final alignment different from that of San Mauro et al. (2009) , so we scaled the expected information scores from the previous study to make them comparable with the observed information.
Observed information measures the confidence in parameter estimates of the entire alignment and so implicitly makes values comparable for partitioned data sets. Expected information is a per-site measure that varies between partitions but is calculated in terms of the scaled branch lengths for that partition, not the common branch lengths, and so must be transformed to make values comparable with observed information. This is similar to designing experiments for optimal rates as discussed in Goldman (1998) , and the appropriate transformation is to multiply by the rate squared, the first partition being arbitrarily chosen to have rate 1. Then, the transformed per-site expected information for each partition has to be multiplied by the number of sites in that partition in order to obtain the total expected information for the partition. The values of all partitions can then be summed to determine total expected information for the alignment and so compared with the observed information.
Bootstrap Support Analyses
In order to assess how support for the controversial branch changes as each new taxon is added, we conducted nonparametric bootstrapping for each of the 15 data sets used to estimate observed information (Table 2) . One thousand bootstrap replicates were performed for each data set, using the exhaustive bootstrap algorithm implemented in RAxML. Each data set was analyzed both with and without splitting the data into 7 partitions. In all cases, the GTR + Γ + I model was used. To make bootstrap support comparable among data sets and to the information calculations, the new taxon in each data set was pruned from the bootstrap topologies prior to determining majority-rule consensus.
Because many of the molecular data in this study are of protein-coding genes, trees derived from amino acid data might also be of interest to assess how sensitive the results are to alternative coding of the data. Thus, bootstrap trees derived from amino acid data were also evaluated. For each data set in Table 2 , we prepared a parallel alignment of deduced amino acid sequences of all 13 mt protein-coding genes and nuclear rag1. Given that membrane proteins of the mitochondria are known to evolve differently to nuclear globular proteins (Adachi and Hasegawa 1996; Yang et al. 1998; Abascal et al. 2007 ), 2 partitions were employed (mt proteins combined and nuclear RAG1), and the best-fit model of amino acid substitution for each partition was identified using the AIC as implemented in ProtTest version 2.4 (Abascal et al. 2005) . The best-fit models employed were mtREV (Adachi and Hasegawa 1996) + Γ + I for mt proteins and JTT (Jones et al. 1992 ) + Γ + I for RAG1. As for the nucleotide analyses, 1000 bootstrap replicates were performed in each case using the exhaustive bootstrap algorithm as implemented in RAxML.
In addition to assessing the change in bootstrap support of particular branches (e.g., the controversial branch of San Mauro et al. 2009 ), we were also interested in assessing the change in overall support of the tree as each new taxon is added. To this end, we calculated geometric means of bootstrap support of all branches in each majority-rule consensus tree (after pruning the new added taxon in each case so that values are comparable) in an attempt to obtain a rough "overall bootstrap support" of each data set's majority-rule consensus tree. We used the geometric mean because it is not as tolerant as the arithmetic mean to badly supported splits. Thus, a dense tree with a single poorly supported split would have a high arithmetic mean if all the other splits are well supported, but it would still have a low geometric mean. The use of the geometric mean was motivated by making the crude assumption that each bootstrap support value is a "probability" that the split is correct and that the splits are independent, so the probability of all splits being correct is their product, and thus related to the geometric rather than the arithmetic mean.
The relationships between information (observed and expected), bootstrap support, and the predictions of San Mauro et al. (2009) were assessed using nonparametric statistical analyses, the Spearman rank correlation test, and Mann-Whitney U significance test (2-tailed). Nonparametric tests were used because, for all comparisons, either one or both variables were not normally distributed (based on a Shapiro-Wilk test). All statistical analyses were conducted using R software version 2.11.1 (R Development Core Team 2011).
Other than nonparametric bootstrap, support can also be measured as Bayesian posterior probabilities derived from BI analyses. In our comparisons with information calculations, we chose to use only bootstrap support rather than Bayesian posterior probabilities mainly because bootstrap runs (using RAxML) are considerably faster than BI runs. Our BI analyses with the main (23 taxa) data set yielded a similar result to that obtained with ML (in terms of topology and support; see below). Besides, Bayesian posterior probabilities did not actually pick up the lower support for the controversial node in our previous study (it was 0.99 vs. 54% bootstrap; San Mauro et al. 2009) so there is not much scope for posterior probabilities to be sensitive to relative improvement in support.
RESULTS AND DISCUSSION
Caecilian Phylogeny
After exclusion of gaps, alignment ambiguities, and third codon positions of mt protein-coding genes, the final combined alignment includes 11,345 positions, of which 6338 are invariant and 3758 are parsimonyinformative. ML (−ln L = 91,900.09) and BI (−ln L = 92, 220.43 for Run 1; −ln L = 92, 222.76 for Run 2) analyses yield the same inferred phylogenetic relationships among the 23 taxa (Fig. 2) , with differences only in branch lengths and levels of support. All BI posterior probabilities are maximal, and ML bootstrap support is maximal or nearly so (>95%) for all internal branches except one, which also receives high support (>85%) (Fig. 2) .
The inferred tree is in full agreement with the phylogeny of San Mauro et al. (2009) for shared leaves (Fig. 2) and is broadly congruent with most other recent molecular studies (Wilkinson et al. 2002; San Mauro et al. 2004 Roelants et al. 2007; Zhang and Wake 2009; Pyron and Wiens 2011) and with morphological evidence (Nussbaum 1979; Wilkinson and Nussbaum 1996; Wilkinson 1997) . All caecilian families recognized by Wilkinson et al. (2011) that are represented by more than one taxon are recovered as monophyletic with high or maximal support, as is the monophyly of Teresomata, the clade comprising all caecilian families except Rhinatrematidae and Ichthyophiidae . The phylogenetic relationships among caecilian families all receive maximal or nearly maximal support (Fig. 2) , with the branching order recovered as indicated by Wilkinson et al. (2011) .
The controversial branch of San Mauro et al. (2009) and indeed all branches in that part of the tree receive maximal support from both ML and BI analyses (Fig. 2) , and the AU test rejects all constrained topologies (all the alternative resolutions of Scolecomorphidae, Herpelidae, and all other teresomatans) ( Table 3) . These strongly supported results end the long-standing uncertainty about the deepest splits within Teresomata : Scolecomorphidae is the sister group of all other teresomatans. Zhang and Wake (2009) recently used mt genomes to infer the phylogeny of major caecilian lineages but were unable to confidently resolve the relationships among Scolecomorphidae, Herpelidae, and all other teresomatans (bootstrap support values <50%, and topology tests could not statistically reject alternative hypotheses). The study by Zhang and Wake (2009) did not include key lineages, such as representatives of the genera Crotaphatrema and/or Herpele, identified by San Mauro et al. (2009) as those with the greatest chance of increasing phylogenetic information in this (until now) most weakly supported and controversial part of the caecilian tree. Compared with previous studies, the high support values obtained (Fig. 2) makes this caecilian phylogeny the most robust thus far for the major lineages of this order. Figures 3 and 4 show expected and observed information scores for each single-taxon addition (nonpartitioned and partitioned analyses, respectively). In general, expected information scores follow the predictions of San Mauro et al. (2009) , with C. lamottei, H. squalostoma, B. boulengeri, and E. niger having the (2006) highest scores (U = 0; n 1 = 4 n 2 = 10; P = 0.005). Both nonpartitioned and partitioned analyses yield highly correlated ranks of taxon additions (ρ = 0.996; P < 0.001), with the rank obtained corresponding approximately to the order determined by assigning a place (1st-14th) to each new taxon being traced on the plot showed on figure 5b of San Mauro et al. (2009) . In contrast to expected information, observed information scores are far more variable and less intuitive (Figs. 3 and 4) . Ranks of taxon additions from nonpartitioned and partitioned analyses are correlated (ρ = 0.837; P < 0.001), with the addition of C. lamottei being highly informative in both cases, only marginally outperformed by E. niger in the partitioned analyses (Figs. 3 and 4) . Rank correlations between expected and observed information are not significant for both nonpartitioned (ρ = 0.345; P = 0.221) and partitioned (ρ = 0.257; P = 0.374) analyses.
Observed Versus Expected Information
That observed information is so variable and different to the expected information may be related to the fact that information is highly sensitive to branch length. If branch length estimates change slightly, information can change substantially because the variance of a branch length estimate is proportional to the exponential of the branch length. In turn, the standard deviation of the observed information (considered as an estimator of the expected information) is rather large, and the Table 2 for explanation of data set names.
difference between the cases is dwarfed by stochastic error. As an example, for the nucleotide nonpartitioned original data set (without adding any taxa), the expected information is 3.955 × 10 5 , but simulated data sets of the same size (1000 replicates) yield 2.5% and 97.5% quantiles of 2.819 × 10 5 and 5.132 × 10 5 , respectively, which spans virtually all the variation between the cases (Fig. 3) . Other taxon addition data sets yield similar figures (not shown). In contrast, the expected information is "errorless" in the sense that it is a theoretical quantity but assumes particular values for the branch lengths. The observed information divided by the number of sites tends to the expected information, in the same way that the mean of a set of data tends to its expectation, so, if we could collect multiple similar samples of sequence data for a particular set of loci and Table 2 for explanation of data set names. taxa, there would be variation in the realized values of observed information between any finite samples. Although we would expect that the rank order of taxa will be at least somewhat similar between different samples, there is no guarantee that the order will match for a particular set of data. This phenomenon is what our results appear to show (Figs. 3 and 4) .
Expected and observed information scores of nonpartitioned analyses are about 3 times higher than those of partitioned analyses (Figs. 3 and 4) . This difference between the partitioned and nonpartitioned data may well be explained by the trees being scaled differently. The nonpartitioned tree has the usual scale so we expect one mutation per site per unit branch length, whereas the partitioned tree is scaled in terms of the first partition having the usual scaling. The controversial branch in the partitioned analyses has a length of 0.010843 substitutions/site and 0.006120 substitutions/site in the nonpartitioned analyses. This gives a scaling of (0.010843/ 0.006120) 2 = 3.14 to make the partitioned analyses values comparable with the nonpartitioned analyses or (1.66183/ 0.94426) 2 = 3.10 if we calculate the scale from the total tree length. Figure 5 shows bootstrap support of the controversial branch of San Mauro et al. (2009) with each new taxon addition. The nonpartitioned and partitioned analyses of nucleotide data yield highly correlated ranks of taxon additions (ρ = 0.974; P < 0.001), with the greatest increases in bootstrap support corresponding to the taxon additions of B. boulengeri, C. lamottei, and H. squalostoma (U = 0; n 1 = 3 n 2 = 11; P = 0.010). Interestingly, only these 3 single-taxon additions yield bootstrap support of the controversial branch over 70% (Fig. 5) , which is often considered as approximating the 95% significance threshold for branch support (Zharkikh and Li 1992; Hillis and Bull 1993) . Ranks of taxon additions of amino acid analyses are correlated with those of nonpartitioned (ρ = 0.679; P = 0.008) and partitioned (ρ = 0.675; P = 0.008) nucleotide analyses but show more variation for some taxon additions (Fig. 5) .
Change in Bootstrap Support
The overall bootstrap support of the tree (geometric mean of bootstrap proportions) with each new taxon addition is shown in Figure 6 . As for the bootstrap support of the controversial branch alone, nonpartitioned and partitioned nucleotide analyses yield highly correlated ranks of taxon additions (ρ = 0.881; P < 0.001), and the greatest resolutions of the tree correspond again to the single additions of C. lamottei, B. boulengeri, and H. squalostoma (U = 0; n 1 = 3 n 2 = 11; P = 0.010). Addition of C. lamottei yields the highest increase in overall bootstrap support of the caecilian tree for all nucleotide and amino acid analyses (Fig. 6 ). Other taxon additions that yield a high increase in overall bootstrap support are those of Dermophis mexicanus, Gymnopis multiplicata, Grandisonia alternans, and, only in the case of the partitioned nucleotide analyses, Praslinia cooperi (Fig. 6) . With Table 2 for explanation of data set names.
overall bootstrap support, ranks of taxon additions of amino acid analyses are well correlated with those of partitioned nucleotide analyses (ρ = 0.684; P = 0.007) but less clearly with those of non-partitioned nucleotide analyses (ρ = 0.552; P = 0.041). There is a general strong correlation between the bootstrap support of the controversial branch and the overall bootstrap support of the tree for the nonpartitioned nucleotide (ρ = 0.938; P < 0.001), partitioned nucleotide (ρ = 0.895; P < 0.001), and amino acid (ρ = 0.640; P = 0.014) analyses. These strong correlations are caused mostly by the inclusion of the controversial branch in the calculation of geometric means. Geometric means not including the controversial branch show a different pattern where other single-taxon additions (different from C. lamottei, B. boulengeri, or H. squalostoma) have higher values (see Supplementary Table) . The correlations in these cases are all nonsignificant; P > 0.183 in all cases. This suggests that the greatest increases in overall bootstrap support following the single additions of C. lamottei, FIGURE 6. Overall bootstrap support (geometric mean of bootstrap proportions ± standard error) of the tree with each single-taxon addition for the nucleotide (nonpartitioned and partitioned) and amino acid analyses. Horizontal lines indicate the overall bootstrap support of the original data set of San Mauro et al. (2009) for each of the 3 types of analyses (correspondence according to color codes of triangles on right). Asterisks indicate those cases where the majority-rule bootstrap topology obtained is different from the "optimal" topology (see text). Data sets arranged in the same order as in Figure 3 . See Table 2 for explanation of data set names. Table 2 for explanation of data set names. B. boulengeri, and H. squalostoma (for all types of analyses) can be explained mainly by stabilization of the controversial branch (most weakly supported part of the tree) but not necessarily to a wider stabilization of other already well-supported parts of the tree.
Although the greatest increases in bootstrap support correspond to the additions of C. lamottei, B. boulengeri, and H. squalostoma, the exact order (rank) of bootstrap support results following single-taxon additions is not always as might be predicted from expected information (Fig. 7) . In fact, correlations between bootstrap support values (either overall or of the controversial branch alone) and information scores (either expected or observed) are all nonsignificant (P > 0.078 in all cases). This indicates that the relationship between information and support is more complex than we previously (San Mauro et al. 2009 ) implicitly assumed. Goldman's approach allows us to predict how best to augment a sequence alignment so as to increase the confidence we can have in estimated branch lengths, but this is different from the ability to estimate tree topology with high bootstrap support. For example, accurately inferred short branches may have low support by virtue of their length. In phylogenetics, tree topology is part of the structure of the model (Yang et al. 1995) , rather than a parameter of the model, so information matrices do not account for uncertainty in the tree itself (a particular topology needs to be assumed in making information calculations) and the utility of Goldman's method relies on the fact that accurate branch length estimation makes it easier to recover the tree topology (Atteson 1997; Corneli and Ward 2000) .
In general, many of our anomalous results (in the sense of strong disparity between information and bootstrap support ranks) correspond to data sets/analyses where the majority-rule bootstrap topology is different from the optimal topology (Fig. 2) . Such data sets (indicated with an asterisk in Figs. 5 and 6) yield an alternative arrangement of the Scolecomorphidae and Herpelidae branches (Herpelidae either as sister to all other teresomatans or as sister to Scolecomorphidae), with the bootstrap support of the alternative branching (bipartition) being higher (but still <50% in all cases) than that of the controversial branch bipartition. The differences in tree topology in these cases likely explain why some taxon additions (e.g., Microcaecilia sp. or Caecilia volcani) yield bootstrap support values even lower than for the original data set (Figs. 5 and 6 ). Many of these differences in tree topology are for the amino acid results (Figs. 5 and 6) suggesting that the absence of the noncoding partitions (mt ribosomal and tRNA genes) in amino acid analyses may be responsible for the differences in phylogenetic signal. Incidentally, the noncoding partitions were recovered as the most informative by San Mauro et al. (2009) .
The case of the taxon addition of E. niger is illustrative of the disconnect between information and support. This taxon addition was predicted to be good in our earlier study (San Mauro et al. 2009) , and indeed, information scores (both expected and observed) are high (Figs. 3 and 4) and validate the information predictions. In contrast, the addition of E. niger makes little to no difference in terms of bootstrap support and is among those taxon additions leading to a different majority-rule bootstrap topology for the nucleotide nonpartitioned and amino acid analyses (Figs. 5 and 6) . Nevertheless, and despite there being no increase in support, the increase in information might be interpreted as increased confidence that the branch (and therefore the tree) is correct. Other discrepancies between information and bootstrap support results occur with the taxon additions of C. volcani, D. mexicanus, or G. multiplicata (Fig. 7) . Of all the predictions of most useful taxon additions made by San Mauro et al. (2009) , addition of Epicrionops was the least intuitive because the distance between where it joins the tree and the controversial branch is longer than for the more intuitive predictions, such as Crotaphatrema or Herpele. San Mauro Table 2 for explanation of data set names. et al. (2009); fig. 5b ) predicted that the places along terminal branches to add new taxa in order to best increase information are those that join as deep splits along the identified branches. Interestingly, E. niger is not a particularly deep split within the Rhinatrematidae (Fig. 2) . The monophyly of Epicrionops is not well established (Pyron and Wiens 2011; Wilkinson et al. 2011) , which raises the possibility that another nominal species of this genus (not sampled in this study) perhaps branching off from R. bivittatum more deeply might perform better than E. niger.
It is noteworthy that although single-taxon additions mostly enhance support as predicted using Goldman's method, none of them yields bootstrap support for the controversial branch approaching that achieved using the full data, indicating the synergism of multiple-taxon additions. We further examined this synergy with analyses of data sets in which multiple taxa were added to the original taxon sampling (Figs. 7 and 8 ). When the top 3 taxa are added simultaneously, bootstrap support for the controversial branch (Fig. 8 ) is more substantially enhanced than when they are added separately. In contrast, addition of all but the top 4 taxa has minimal effect on bootstrap support. When Epicrionops is also added together with the top 3 taxa, it has a substantial positive impact that contrasts with its impact when added alone or with all the other taxa. A similar pattern is found for overall bootstrap support of the tree (Fig. 9) .
Empirical Validation of Predictions
This is the first study to empirically test predictions made using the method of Goldman (1998) for experimental design in phylogenetics. Although the relationship between information (expected and observed) and support is more complex than we had appreciated, the top 3 (more intuitive) taxon addition predictions made in our previous study (San Mauro et al. 2009 ) (C. lamottei, H. squalostoma, and B. boulengeri) are empirically validated here by both information and bootstrap support results (Fig. 7) . These validations are further confirmed when comparing our main (23 taxa; Fig. 2 ) phylogenetic results with those of Zhang and Wake (2009) . These authors used a taxon and gene sampling comparable with that of our study, but did not include representatives of Crotaphatrema and/or Herpele, and were unable to robustly resolve the phylogenetic relationships among Scolecomorphidae, Herpelidae, and other teresomatans. In contrast, our taxon sampling including newly determined mitogenomic data for C. lamottei (clearly confirmed as the top prediction by our information and overall bootstrap results) and H. squalostoma yields robust phylogenetic results ( Fig. 2 ; Table 3 ) with strong support for the phylogenetic relationships in that part of the caecilian tree.
The less intuitive taxon addition prediction (E. niger) of San Mauro et al. (2009) is empirically validated by information results (both expected and observed) but not by bootstrap support results (Fig. 7) . This and other cases of noncongruence between information and support (see above) reflect the fact that experimental design based on Goldman's method aims to improve the branch length estimation (information about the branch length), and although a correlated increase in bootstrap support might be expected, it is not a necessary consequence. As anticipated by San Mauro et al. (2009) , our results here confirm that additional taxa that join the tree closer to controversial internal branches are of greater phylogenetic informativeness and also those FIGURE 9. Overall bootstrap support (geometric mean of bootstrap proportions ± standard error) of the tree for multiple-taxon additions for nucleotide (nonpartitioned and partitioned) and amino acid analyses. Horizontal lines indicate the overall bootstrap support of the top single-taxon addition prediction (Crolam) for each of the 3 types of analyses (correspondence according to color codes of triangles on right). See Table 2 for explanation of data set names. yielding higher support and resolution. This is likely a widely held intuition, and (to our knowledge) our results here provide the first explicit empirical test and validation for it.
With respect to the less intuitive (and perhaps therefore more useful) prediction tested here, that of the potential impact of the addition of Epicrionops, our results are intriguing. Addition without the more intuitive taxon additions does not improve confidence in the controversial branch as might have been hoped and seems therefore to suggest the prediction was unhelpful. However, when added in combination with the other taxa that comprise the more intuitive best taxon addition predictions, Epicrionops has a substantial positive impact on support that seems to confirm the less intuitive prediction.
San Mauro et al. (2009) also predicted that compelling resolution of the controversial branch was attainable by adding taxa to the phylogeny, without the need for more characters/genes. Both the information and the bootstrap support results of this study validate this prediction. Therefore, with respect to the debate about adding more taxa or more characters/genes to increase phylogenetic accuracy (Graybeal 1998; Hillis 1998; Kim 1998; Rannala et al. 1998; Poe and Swofford 1999; Rosenberg and Kumar 2001; Pollock et al. 2002; Zwickl and Hillis 2002; Hillis et al. 2003; Cummings and Meyer 2005; Rokas and Carroll 2005; Hedtke et al. 2006) , our work provides a clear example where adding more data for (well chosen) taxa increases phylogenetic resolution and support in previously weakly supported parts of the tree without the need for more characters/genes. Conversely, addition of poorly chosen additional taxa may further destabilize weakly supported parts of the tree. Goldman's method remains underexplored, but our results demonstrate that it offers a powerful tool for experimental design in molecular phylogenetics and a coherent framework for predicting the most efficient (informative) combination of taxa and/or genes to sample in order to improve phylogenetic accuracy. Even in the era of phylogenomics and new technologies of high-throughput DNA sequencing, both taxon and gene choice will remain an important issue in systematics and phylogenetic studies (San Mauro et al. 2009; Philippe et al. 2011) . In this context, Goldman's method might be useful to effectively prioritize fieldwork. The method might be also useful in helping to prioritize taxa for genome sequencing in the phylogenomic era.
CONCLUDING REMARKS
The combined results of this and our previous (San Mauro et al. 2009 ) study are highly illustrative and reassure that Goldman's method has great potential for experimental design in molecular phylogenetic studies. However, there are still several drawbacks to overcome in order to make the method more accessible and of broad use for making predictions that go beyond those that are intuitive already. The method remains somewhat complex, computationally demanding, and not yet implemented in a user-friendly interface. Further development and assessment of the method are needed into the benefit of multiple-taxon additions (both for prediction and for empirical testing), assessment of multiple unresolved nodes in the same phylogeny, alternative coding of data (amino acids, RY, etc.), and the more direct prediction of changes in topological support measures using the information calculations. Importantly, the complex relationship between information and support needs to be further clarified. After all, many practising systematists and phylogeneticists are likely to be more interested in support and resolution of branches than in their accurate length estimation. Goldman's method might be key in cases where intuitive predictions fail, and where resolution of weakly supported parts of the tree appears complex. It is in these cases that the potential of Goldman's method is especially worth considering.
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